In the field of intensive care, clinical data registries have been in operation for the past two decades, and longer in some countries, to support clinical audit and the development of evidence-based practice. Registries typically collect a core set of complete and accurate clinical data to enable risk adjustment of outcomes using validated models for clinical audit.
The Australia New Zealand Intensive Care Adult Patient Database (ANZICS APD) is a critical care clinical registry that contains data from patients admitted to non-paediatric intensive care units in Australia and New Zealand 1 . As the detailed clinical information in this registry is generally recorded by clinicians, it has a higher level of quality than hospital discharge data, leading to greater discrimination in predictive models of mortality 2 . The ANZICS APD now holds records on nearly one million intensive care episodes with the earliest records dating back to 1987 1 .
Critical care registry data are restricted to intensive care episodes only, thus limiting their ability to follow long-term patient outcomes and identify patient hospital readmissions 3 . Additionally, limited demographic details are recorded, so the relationship of patient demographic factors, such as socioeconomic status and ethnicity, with outcomes cannot be examined 4 . Additional outcome and demographic information and the ability to longitudinally investigate outcomes after an intensive care unit (ICU) episode would provide valuable insights into patient care.
SUMMARY
In the field of intensive care, clinical data registries are commonly used to support clinical audit and develop evidence-based practice. However, they are often restricted to the intensive care unit episode only, limiting their ability to follow long-term patient outcomes and identify patient readmissions. Data linkage can be used to supplement existing data, but a lack of unique patient identifiers may compromise the accuracy of the linkage process. The aim of this study was to assess the quality of linking the Australia/New Zealand critical care registry to a state financial claims database using a method without direct patient identifiers and to identify possible sources of bias from this method. We used a linkage method relying on indirect patient identifiers and compared the accuracy of this method to one that also included the patient medical record number and date of birth.
The overall linkage rate using the method with indirect identifiers was 92.3% compared to 94.5% using the method with direct identifiers. Factors most strongly associated with not being a correct link in the first method included patients at one study hospital, admissions in 2002 and 2003 and having a hospital length of stay of 20 days or more. Linking the Australia/New Zealand critical care without direct patient identifiers is a valid linkage method that will enable the measurement of long-term patient survival and readmissions. While some sources of bias have been identified, this method provides sufficient quality linkage that will support broad analyses designed to signal future in-depth research. 2, 4, 6 . In Australia, there are currently initiatives underway both to increase the use of existing data sources for quality monitoring 7 and to expand the use of data linkage, which will facilitate the use of linkage on a routine basis 8 .
While the use of a healthcare identity number or combinations of direct patient identifiers (e.g. names and medical record numbers) is the gold standard for linking data-sets, these linkage methods have not been feasible for the ANZICS APD. Australia lacks a universal identifier and Australian Commonwealth legislation prohibits the collection of identifying patient information unless it is shown to be required for clinical audit 9 . Consequently, the ANZICS APD does not hold direct patient identifiers (i.e. names, dates of birth or medical record numbers) centrally 1 .
For this reason, the development of data linkage methods using a combination of non-unique variables, such as demographic (e.g. age, gender) and event-based variables (e.g. admission and discharge dates) in a data linkage process is desirable. Linkage with non-unique variables can assist in advancing the applications of data linkage to quality measurement activities without requiring the collection of additional variables or individual ethical approvals from each hospital. This linkage method is called an indirect identifier linkage method (IDILM).
However, the use of poor quality linkage variables can decrease the precision of linkage and may introduce bias into the resulting data-sets, thereby skewing the measurement of outcomes. False matches (i.e. cases that link but are not true matches) and missed matches (i.e. cases that are true matches but do not link) can be problematic if data are used for clinical audit, as they may over-or underestimate the measurement of a given outcome. It is therefore important that linkage rules are neither too strict, as this may exclude valid cases where there is a slight degree of error in the data, nor too lax, as this will link false matches.
AIMS
In the absence of existing evidence for the effectiveness and quality of data linkage between the ANZICS APD and other data sources, we aimed to assess the quality of linking the ANZICS APD to a financial claims database using an IDILM. A secondary aim of this study was to identify possible sources of bias from this method by examining characteristics of unsuccessfully matched records (i.e. false matches and missed matches).
MATERIALS AND METHODS

Study population
All patients aged 16 years and older who had an admission to an intensive care unit at one of the four study hospitals in Victoria during the study period from 1 January 2001 to 31 December 2006 were included in the study. Given that the APD and Victorian Admitted Episodes Dataset (VAED) have different definitions for intensive care patients, an a priori decision was made to use the ANZICS APD definition. This registry defines ICU patients as patients who were physically admitted and treated within an ICU rather than patients receiving critical care resources (e.g. ventilation) within another area of the hospital. For patients with multiple ICU admissions during one hospital episode, we counted only the first ICU admission from the ANZICS APD (the index admission) and their aggregate number of ICU hours calculated. The expectation was that each of the ANZICS APD records would be matched to one patient admission record within the Department of Health VAED.
Description of the data sources
Two data sources were used in this study. The ANZICS APD, described above, and the VAED.
The VAED is a financial claims database which includes hospital admissions. The VAED was developed by the Department of Health to meet national reporting obligations and support output based funding of Victorian hospitals, but it is also used for disease prevalence estimation, healthcare utilisation planning and policy planning 10 . Private hospitals and day procedure units are also required to submit a sub-set of data 11 . The VAED holds data on hospital admitted episodes from 147 public and 152 private facilities in the state of Victoria comprising approximately two million patient episodes per annum 10 . The VAED offers a valuable resource for quality measurement because it includes types of medical services provided, ICD-10AM 12 coded clinical diagnosis information and comprehensive coverage of procedures received throughout the entire patient hospital episode. A 'complication code' flag exists within the VAED to distinguish patient diagnoses that arise during the hospital episode and those that are existing comorbidities 13 . The VAED also records the total duration of time spent within the ICU during a single hospital admission, enabling the identification of ICU patients in the dataset. Additionally, internal linkage enables the identification of patient readmissions at the same and different hospitals throughout the state, as well as capturing deaths in Victoria through linkage with the Victorian Death Registrations, which records all deaths occurring in the state of Victoria or Victorian residents who die overseas.
Linking the VAED to the ANZICS APD would create a valuable resource because the APD contains physiological and clinical elements necessary to riskadjust patient outcomes using Acute Physiological and Chronic Health Evaluation scores 14 and Simplified Acute Physiology Scores 15 , which are not held within the VAED.
We selected four hospitals (one metropolitan, two tertiary and one regional hospital) for this validation process to enable representation of the different hospital types in the state while minimising the number of individual ethical approvals required.
Approval was obtained from the Monash University Ethics Standing Committee on ethical research in humans, the Victorian Department of Human Services' Human Research Ethics Committee and each of the four participating hospital ethics committees. The data linkage was conducted on site at the Victorian Department of Human Services.
Linkage methods
Two linkage algorithms were used in this study. In the absence of a universal unique identifier, the surrogate reference or 'gold standard' linkage method employed in this study used the patient's medical record number, date of birth and the demographic and event variables, including the hospital of the patient's ICU admission, hospital admission date, hospital discharge date, length of hospital stay and number of days in the ICU. The variable 'age' was used to resolve uncertain matches where the dates of birth were discordant. This linkage method was considered the 'gold standard' due to its greater likelihood of correctly identifying individual patients and therefore achieving a correct match. As the central ANZICS APD does not contain medical record number and date of birth, which we used for our 'gold standard' linkage, these were obtained from the study hospitals' local intensive care databases and appended to the ANZICS APD data-set for the purposes of the validation study.
The second linkage method, IDILM, used the following linkage variables: hospital of the patient's ICU admission, patient's age at admission, hospital admission date, hospital discharge date, length of hospital stay and number of days in the ICU.
Both linkage methods were conducted by one researcher (MB). A backwards stepwise deterministic linkage method (one-to-one linkage) was used for the initial stages of linkage using SAS version 9.1, as this method has been shown to have lower rates of false matches 16 . The remaining cases were then linked using a probabilistic matching technique (matches are assigned a score and those with higher scores are assumed to have a higher probability of being a correct match) using LinkageWiz version 5.1 with 'hospital' as the blocking variable to increase matching efficiency (see Appendix for definitions of terms).
Cases that linked using the IDILM but not the gold standard method were considered false matches. Cases that did not link using the IDILM but did link using the gold standard method were considered missed matches. Both false matches and missed matches were classified as 'unsuccessful' links. Sensitivity of the IDILM was defined as the number of successful links using the IDILM method over the matched pairs using the gold standard method. Specificity of the IDILM was defined as the number of unsuccessful links over the unmatched pairs using the gold standard method.
Analysis
Unsuccessful linkage for both the gold standard and the IDILM methods were summarised. The linkage attributes of the IDILM were expressed as the sensitivity and specificity compared to the gold standard method.
We conducted a logistic regression analysis to identify factors related to a successful match or unsuccessful match (i.e. either a false match or missed match) using the IDILM. Significance was assessed by the P values (<0.05) and odds ratios for each covariate in the model.
RESULTS
We linked the ANZICS APD index ICU admissions from four Victorian hospitals (n=20,907 patients) to the VAED hospital admissions (n=21,627 patients) where ICU hours were logged. The linkage rates from the stepwise and probabilistic linkage cycles are presented in Figure 1 . The overall linkage rate of the intensive care registry data using the gold standard method was 94.5% (95% confidence interval [CI] 94.2 to 94.8%) (n=19,757) compared to 92.3% (95% CI 91.9 to 92.6%) (n= 19,294) using the IDILM (Table 1) giving the IDILM a sensitivity of 97.5% and specificity of 97.0%.
Linkage rates by hospital
High quality linkage rates using the gold standard method were demonstrated for Hospitals A (98%) and B (99%). Hospital C had a lower overall linkage rate of 26% using both linkage methods. After consultation with the hospital, we identified a systematic coding bias, in that only ventilated patients were being recorded in the VAED as ICU patients, whereas the ANZICS registry had all patients with an ICU admission recorded. After excluding this hospital, the overall linkage rate of the gold standard method was 96.7% and the IDILM was 94.3%. Hospital D also had a lower linkage rate (93%) with the majority of unlinked cases occurring in 2003 to early 2004 (71% of unlinked cases). Hospital consultation identified that this was a period when the hospital was upgrading its computer systems. Hospital C has since reviewed and updated its coding practice in this organisation in response to the information provided. Linkage rates by method and hospital are presented in Table 1 .
Unsuccessful links in IDILM
The false match rate of the IDILM was 0.8% (n=176) and missed match rate was 2.2% (n=463). A number of factors were identified in the logistic regression analysis as being associated with 
DISCUSSION
Our results show that it is possible to attain high linkage rates between a clinical registry and an administrative, financial claims database using existing, non-identifying variables with an IDILM. There was only a 2% improvement in data linkage when identifiers were used compared with using indirect identifier linkage. While previous literature has reported varying linkage rates using indirect linkage methods 17, 18 , patients admitted to ICU are a clearly defined patient group who are known to have hospital admission records, making the linkage process more reliable than in other patient groups.
The IDILM achieved a linkage rate of 92.3% versus 94.5% using the gold standard method. If the IDILM method is used to measure long-term survival in these four hospitals, 463 additional cases would be missed matches, or false negatives, and not included in the analysis, while 176 additional cases would be incorrectly linked, or false matches, and erroneously included in the analysis. The characteristics associated with the unsuccessful links could bias findings of studies relying on these linked data and findings should be interpreted with caution. Previous research has found mixed results for the quality of linkage with indirect identifiers 19 , with linkage rates ranging from 52% 18 to 99.8% 17 . The differences in linkage rates in these studies were dependent on both the data quality and the specificity of the linkage variables. The specific causes of the unlinked cases in our study require further investigation. The differences in hospitals and years could be the result of variations in training methods and data entry quality at different hospitals in different years, as data are entered by clinical staff undergoing rotation. These differences can also introduce systematic bias into results and lead to biased comparisons of outcomes. We did not identify differences in linkage rates between patients in different age groups or illness severity (i.e. Acute Physiological and Chronic Health Evaluation scores or ventilation status), despite these issues being identified in previous studies examining characteristics of unlinked records 20, 21 . This could demonstrate a higher degree of consistency in data entry practices among different patient groups in ICU and hospital admission records.
While previous studies have examined data linkage without direct patient identifiers, this study has identified organisational and patient group differences that are important areas for improvement when data are to be used for quality of care assessment and clinical audit. We also identified factors related to unsuccessful links to assist in improving linkage rates and data coding practices in the future. This study has several limitations. The study was only conducted at four hospitals in Victoria which may limit its generalisability to other hospitals and other states. However, we chose four hospitals stratified by hospital type to ensure a broad representation of organisations and obtain findings that are generalisable to other sites. Because medical record number and date of birth are not routinely collected in the ANZICS APD, these variables were sourced from each individual hospital and merged into the data-set for the purposes of this study. This ad-hoc process may have led to lower rates of completeness for these variables, as cases in the local databases may have been edited or removed from the central database, contributing to some cases not linking adequately. As such, the quality of the 'gold standard' method was high, but still failed to link 5.5% of cases. Missing medical record numbers or dates of birth were responsible for 15% (n=162) of these unlinked cases. Inconsistencies in data entry are likely to be responsible for the remaining unlinked cases, but this requires further investigation at each hospital. The pattern of unlinked cases was also identified as being unevenly distributed among the hospitals.
This study identified some case ascertainment issues that contributed to missed matches. The VAED had a net total of 719 more intensive care patients than the APD. Inconsistent definitions of intensive care patients and reporting practices between the APD and VAED were shown to impact on the quality of the linkage. Issues were identified at two hospitals (C and D), which may have led to unreported cases. Both hospitals are investigating and addressing these issues further as a result of this study. Future linkage of these datasets will help to determine whether reporting has improved. Previous studies have identified similar case ascertainment issues when using existing data sources 22 . Quality control practices and regular assessment of data completeness can help to improve these issues. Routine linkage of these datasets can help to identify discrepancies and improve data integrity in the future, which is essential for accurate assessment of quality of care. The linkage issues among transfer and patients with longer lengths of stay are important to consider, as these groups of patients have been shown to have poorer outcomes of care 23 . We considered the effect of adopting more lax decision rules around hospital admission and discharge dates for transfer patients and this improved the linkage rates slightly. While more lax matching criteria can be considered in these cases, improving data quality will enhance the accuracy of the linkage.
Linkage rates are generally improving in later years and this is likely to be due to increased automation at most hospitals, where the registry data are being directly imported from the administrative systems rather than relying on manual data entry. Technological and data quality assessment procedures will improve data integrity and case ascertainment.
We sought ethics committee approval for the conduct of this study at each participating hospital with the condition that there was sufficient protection of individuals' privacy in place, as all potentially identifying information was deleted once the linkage had been completed. Consequently, the ethics committees who reviewed our application determined that the public good of the project outweighed the privacy concerns as dictated in the National Statement 24 . While obtaining approval to hold identifying information within the APD will not forego the need for ethics approval for future linkage projects, it can streamline the process by assigning one committee to oversee the review and linkage processes facilitating participation of more sites.
CONCLUSION
Linking a critical care registry to a hospital admissions dataset can provide a useful resource for measuring patients' long-term outcomes, demographic factors, hospital utilisation patterns and determining the accuracy of case ascertainment. Linking these datasets without direct patient identifiers is a valid linkage method for measuring long-term patient survival and achieves a reasonable quality to support broad analyses designed to signal more in-depth research. Though requirements vary by state and territory, the alternative method using medical record numbers and dates of birth would require ethics approval from many of the participating hospitals within the APD, which would be a highly resource intensive process. To improve the validity and generalisability of research using these linked datasets, it is necessary to improve the quality of case capture rates, have consistent definitions for ICU patients and improve the integrity of linkage variables.
